Abstract-Unlike terrestrial communications, unmanned aerial vehicle (UAV) communications have some advantages such as the line-of-sight (LoS) environment and flexible mobility. However, the interference will be still inevitable. In this paper, we analyze the effect of an interfering node on the UAV communications by considering the LoS probability and different channel fading for LoS and non-line-of-sight (NLoS) links, which are affected by horizontal and vertical distances of the communication link. We then derive a closed-form outage probability in the presence of an interfering node for all the possible scenarios and environments of main and interference links. After discussing the impacts of transmitting and interfering node parameters on the outage probability, we show the existence of the optimal height of the UAV that minimizes the outage probability. We also show the NLoS environment can be better than the LoS environment if the average received power of the interference is more dominant than that of the transmitting signal on UAV communications. Finally, we analyze the network outage probability for the case of multiple interfering nodes using stochastic geometry and the outage probability of the single interfering node case, and show the effect of the interfering node density on the optimal height of the UAV.
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I. INTRODUCTION
A S THE unmanned aerial vehicle (UAV) technology develops, reliable UAV communications have become necessary. However, since UAV communications are different from conventional terrestrial communications, it is hard to apply the technologies used in terrestrial communications to UAV communications [2] - [5] . Especially, unlike terrestrial communications, UAV communications can have line-of-sight (LoS) environments between a UAV and a ground device, and between UAVs. When the main link is in the LoS environment, the received main signal power will increase due to better channel fading and lower path loss exponent compared to the non-line-of-sight (NLoS) environment. It also means that in the presence of an interfering node, the interfering signal can be received with larger power as the interfering link can also be in the LoS environment [6] , [7] . UAV communications have been studied in the literature, mostly focused on the optimal positioning and trajectory of the UAV. The height of the UAV affects the communication performance in different ways. As the height increases, the UAV forms the LoS link with higher probability, which is modeled by the LoS probability in [8] , but the distance to the receiver at the ground increases as well. By considering this relation, the optimal height of the UAV in terms of the communication coverage in the air-to-ground (A2G) channel is presented in [8] - [10] . For the case of using a UAV as a relay, the optimal height and position of UAVs have also been presented in [11] , [12] . The optimal deployment and trajectory of the UAV have been presented to minimize the power consumption in [13] , [14] . The height of the UAV and the power allocation factor have been jointly optimized to minimize the secrecy outage probability in [15] . The UAV trajectory and transmit power control have been jointly optimized to minimize the outage probability in [16] and to maximize the average secrecy rate in [17] . The work in [18] jointly optimized the throughput and the access delay using a cyclical multiple access scheme, and the work in [19] jointly optimized the communication time allocation and the UAV trajectory to maximize spectrum efficiency and energy efficiency. However, the works in [16] - [19] did not consider the LoS probability, and all of those works analyzed and optimized for the UAV communications in the absence of an interfering node. Since the interference is an inevitable factor in the current and future networks, the impact of the interference on the UAV communications needs to be investigated carefully.
Recently, the interference has been considered in some works such as [20] - [35] for the optimal positioning and trajectory of the UAV. The optimal deployment of the UAV has been presented to maximize the communication coverage according to system parameters in [20] - [28] . The user scheduling and the UAV trajectory have been jointly optimized to maximize the minimum average rate in [29] and the minimum secrecy rate in [30] . The UAV trajectory is also optimized jointly with the device-UAV association and the uplink power to minimize the total transmit power according to the number of update times in [31] . The random 3D trajectory of the UAV has been presented to maximize the link capacity between the UAVs in [32] . The work in [33] proposed an anti-jamming relay strategy for the UAV-aided vehicular ad hoc network (VANET). The performance of the UAV communication over the long term 0018-9545 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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evolution (LTE) network has been analyzed by the measurement and simulation results in [34] , [35] . However, all of those prior works considered limited UAV communication scenarios or environments. Specifically, only the path loss is used for channels without fading in [20] , [21] , [29] - [31] , [33] , or the fact that the LoS probability can be different according to the locations of the UAV was not considered in [22] , [32] . In addition, the works in [23] - [28] considered the different channel fadings depending on the LoS probability. However, the works in [23] - [27] used the path loss exponents and channel fading parameters, which are constant, not changed by the horizontal distance and the vertical distance of the communication link. The work in [28] used the different path loss exponents according to the UAV height, while the channel fading parameters are constant. Therefore, in this paper, we analyze the effect of an interfering node on the UAV communications by considering both the LoS and NLoS links and channel fading. We consider more realistic channel model for UAV communications. Specifically, the probability of forming the LoS link is determined by the heights of the transmitter and the receiver and the horizontal and vertical distances of communication links. Not only the pathloss exponent but also the fading channel factors (e.g., Rician factor) are modeled to be affected by the LoS probability. The main contribution of this paper can be summarized as follows:
r we consider all possible scenarios of the main (i.e., from a transmitter to a receiver) and the interference (i.e., from an interfering node to a receiver) links on UAV communications, of which channels can be ground-to-air (G2A), ground-to-ground (G2G), A2G, or air-to-air (A2A) channels; r we provide the outage probability in the presence of an interfering node for all the scenarios in general environments by considering the LoS probability and different channel fadings for LoS and NLoS links; r we derive a closed-form outage probability for the interference-limited environments, and using it, we also figure out whether the LoS environments for both main and interference links can be better than the NLoS environments in terms of the outage probability; r we then analyze how the outage probability is affected by the heights of a transmitter and an interfering node and the link distances, and show the optimal UAV heights that minimize the outage probability through numerical results; and r we finally present the network outage probability by considering a network with multiple transmitting (also interfering) nodes and a UAV receiver in the air, and show the effect of the transmitting node density on the optimal UAV height. The remainder of this paper is organized as follows. In Section II, we present the network model and the channel model affected by horizontal and vertical distances of communication links. We then derive a closed-form outage probability for the general environment and the interference-limited environment in Section III. In Section IV, we present the network outage probability considering multiple transmitting (also interfering) nodes. In Section V, we evaluate the performance of UAV communications according to the UAV height, system parameters, and the channel environment. We then compare the optimal UAV heights of the multiple interfering nodes case with that of the single nearest interfering node case. Finally, the conclusion is presented in Section VI.
Notation: The notation used throughout the paper is reported in Table I. II. SYSTEM MODEL In this section, we describe the network model and the channel model on UAV communications.
A. Terrestrial & Aerial Network Models
We consider a UAV network, which has a UAV, a ground device (e.g., ground control station or base station), and an interfering node. In this network, there can be three types of communications: UAV to UAV, UAV to ground device (or ground device to UAV), and ground device to ground device. The interfering node can be either on the ground or in the air, and we consider one interfering node. 1 Note that the result of this paper can be readily extended for the multiple interfering nodes case as presented in Section IV. However, the analysis results will be complicated and give fewer insights. In addition, the communication performance is generally determined by one critical interfering node, especially in low outage probability region [36] . Therefore, we focus on the one interfering node case in this work, but the performance for the multiple interfering nodes case is also presented in simulation results of Section V. When a transmitter (Tx), located at (x m , y m , z m ), communicates to a receiver (Rx), located at (0, 0, z o ), in the presence of an interfering node at (x I , y I , z I ), signal-to-interference-plus-noise ratio (SINR) is given by
where β m ( m ) and β I ( I ) are respectively given by
Here, h m and h I are the fading gains of the main link (i.e., the channel between Tx and Rx) and the interference link (i.e., the channel between interfering node and Rx), respectively; m = √
2 ) dt is the Q-function and ζ, ν, and μ are environment parameters, which are determined by the building density and heights of the Tx and the Rx. Furthermore, the NLoS probability is p
r The path loss exponent is determined by i as [12] 
where
Here, α L and α N are the path loss exponenets when the LoS probabilities are one and zero, respectively.
r The Rician factor is proposed to be determined by i as
where a 2 = K N and b 2 = ln(
Here, K L and K N are denoted as the Rician factors when the LoS probabilities are one and zero, respectively. Note that the Rician factor, defined by the elevation angle θ i as K(θ i ) = a 2 exp(b 2 θ i ) [12] , was used in prior works. However, this model has a problem when applied to the A2A channel. For example, due to smaller elevation angle of A2A channel, the Rician factor of the A2A channel becomes smaller than that of the A2G channel. This means the average channel fading gain of the A2A channel is smaller than that of the A2G channel, which is not true in reality. On the other hand, the proposed Rician factor model in (5) is changed according to the respective heights of the receiver and the transmitter as shown in Fig. 2 . m . We can also see that the Rician factor of the A2A channel (i.e., 20 m−220 m) is greater than that of the A2G channel (i.e., 0 m−200 m) even though the elevation angles of both A2A and A2G channels are the same. In addition, the proposed Rician factor has similar trend to the Rician factor in [12] with the same simulation environment. Note that from (3)- (5), we can see that p L ( i ) and
i , so the received power increases as d
increases.
2) Air-to-Ground (A2G) & Air-to-Air (A2A) Channels:
When the main link and the interference link are A2G or A2A channel, h m and h I can be in either the LoS or NLoS environment. We consider that the channel fading is Rician fading for the LoS environment and Rayleigh fading for the NLoS environment. Therefore, the distribution of the channel fading, h i , i ∈ {m, I}, is given by
where f L (h) and f N (h) are noncentral Chi-squared and exponential distribution, respectively, and given by
Here, I 0 (·) is the modified Bessel function of the first kind with order zero, and H L = 2 + 2K( i ) and H N = 1 are the means of LoS and NLoS channel fading gain, respectively.
III. OUTAGE PROBABILITY ANALYSIS
In this section, we analyze the outage probability of UAV communications by considering various environments of main and interference links. The outage probability is provided for two cases: the general environment in Section III-A and the interference-limited environment in Section III-B.
A. General Environments
For given the link distance set D = ( m , I ) of main and interference links, the outage probability is defined as
where γ t is the target SINR or signal-to-interference ratio (SIR), which can be defined by γ t = 2 R t W − 1 for the target rate R t and the bandwidth W [39] - [41] . Using (9), the outage probability can be derived from the distribution of the channel fading as follows.
Theorem 1: For given D = ( m , I ), the outage probability
where p
is the outage probability with the environment of the main link e m and that of the interference link e I . The environment e i can be either LoS (i.e., e i = L) or NLoS (i.e., e i = N), and p 
4) Case 4 (e m = N and e I = N):
Proof: See Appendix A. From Theorem 1, we can also obtain the outage probability for different scenarios of UAV communications by changing the values of (z m , z I , z o ). Specifically, when the LoS probabilities of main and interference links increase to one according to the values of (z m , z I , z o ), it is only necessary to consider the outage probability p
B. Interference-Limited Environments
In this subsection, we provide the outage probability when it is dominantly determined by the received power of the interfering signal, i.e., the interference-limited environment. We provide the outage probability in closed-forms, and they can also provide more insights on the effects of environments parameters on the outage probability.
In the interference-limited environment, the outage probability is defined asp
whereγ( m , I ) is the SIR, given bŷ
The outage probability can be derived by a similar approach in Theorem 1, and provided in the following lemma. 
. (18) 3) Case 3 (e m = N and
Proof: See Appendix B.
From Lemma 1, we can also obtain the outage probability for different scenarios of UAV communications by changing the values of (z m , z I , z o ).
From Theorem 1 and Lemma 1, we can readily know that
as Case 2 has stronger main link and weaker interference link than Case 3. However, it is not clear whether the outage probability with LoS environments for both main and interference links (Case 1) can be lower or higher than that with NLoS environments for both main and interference links (Case 4). Hence,
, and obtain the following results in Corollary 1.
Corollary 1: According to the ratio of the average received signal power of the main and interference links, i.e.,
Proof: For convenience, we introduce v =
and define A(v) and B(v) as
By using (22) 
From (23), we obtain the first derivatives ofp o (L,L) (v) and
In (24) and (25), the inequalities are obtained since (24) and (25), we have
Hence, for small , we havê
If
(N,N) (v) = 0, and from (24) and (25), we have
From (28), we can see that for large
, and we havê
Therefore, from (27) , (29) , and the fact thatp o (L,L) (v) and p o (N,N) (v) are both monotonically decreasing functions, we can know that there exists unique point
. Therefore, we obtain (21) . From Corollary 1, we can see that when the main and interference links are in the same environment, the NLoS environment can be preferred if the average received power of the interference is much larger than that of the transmitting signal (i.e., small
β I ( I ) ). However, for the opposite case (i.e., large
LoS environment can be better in terms of the outage probability. This result will also be verified in numerical results of Section V-D.
IV. NETWORK OUTAGE PROBABILITY
In this section, we consider the interference-limited environment and the UAV network where a receiving UAV is in the air and multiple transmitting nodes are randomly distributed in Poisson point process (PPP) Φ I with density λ I [42] on the ground. We then show how the analysis results for the single interfering node case in Section III can be used to obtain the outage probability for multiple interfering nodes case and the network outage probability.
When the locations of transmitting nodes are denoted by u ∈ Φ I , a typical receiving UAV will be associated with the nearest transmitting node u o and the other transmitting nodes become interfering nodes u ∈ Φ I \{u o }. 2 In this network, the nearest transmittig node has the largest expected received power since the Tx with the smallest distance has the lowest path loss exponent, the largest Rician factor, and the highest LoS probability [26] . Based on the association rule, the network outage probability can be obtained in the following corollary.
Corollary 2: When the typical receiving UAV selects the nearest transmitting node, the network outage probability p net o,m can be presented as
is the probability distribution function (PDF) of the horizontal distance to the nearest node in a PPP [44] and m = √ r 2 +z 2 o is the horizontal distance to the Tx r. In (30), the outage probability p o,m ( m ) for the given link distance m of the main link is presented as
wherep (e m ,e I ) o ( t 2 + z 2 o ) is the outage probability for an arbitrary interfering node in (15) and L I (s) is the Laplace transform of the interference I, given by Proof: See Appendix C. (31), we can also present the network outage probability, which is the average outage probability of links, distributed over the network.
From Corollary 2, we can see that the network outage probability are readily obtained using the outage probabilities with single interfering node, i.e., (17) , (18), (19) , and (20) . Hence, the outage probabilityp 
V. NUMERICAL RESULTS
In this section, we evaluate the outage probability of the UAV communication and present the effects of the UAV height, system parameters, and the channel environment on the outage probability. We first compare the LoS probabilities, which depend on the horizontal and vertical distances. We then compare the general environment-based and the interference limited environment-based analysis results of outage probabilities, and then show the effects of UAV height and the link environments on the outage probabilities. We also show how the outage probability is changed for multiple interfering nodes case, compared to the case of considering one critical interfering node.
For convenience, we present the simulation scenarios in Fig. 3 and Fig. 4 , where M 1 − M 4 present the main link between a Tx and a Rx, while I1 − I4 present the interference link between an interfering node and a Rx. The solid-line arrows mean the case when the node moves in that direction. Unless otherwise specified, the values of simulation parameters presented in Table II are used. Note that the values of ζ, ν, and μ are adopted from [9] for the dense urban environment.
A. Channel Components
In this subsection, we first compare the LoS probabilities in [8] , [37] and the LoS probability of 3rd Generation Partnership Project (3GPP) model [45] , which are the most widely used for 
UAV communication channels.
We then also analyze the LoS probabilities of the G2A and A2A channels.
First, the LoS probabilities in [8] , [37] , [45] are compared in , we can see that the LoS probability of 3GPP model [45] has some limitaions. Specifically, the LoS probability of 3GPP model is constant regardless of the UAV height, when the UAV height is below 22.5 m, and it increases dramatically at around 22.5 m of the UAV height, which might not be true in reality. On the other hands, the LoS probabilities in [8] and [37] do not have above limitations, but the one in [37] is only valid when the height of the ground device is much smaller than that of the UAV. Hence, we consider the LoS probability model in [37] . From Fig. 6 , we can also see that the LoS probability of the A2A channel is generally higher than the that of the G2A channel since the blockage effect by the obstacle reduces on the A2A channel. However, depending on the height difference between the Tx and the Rx, the LoS probability of the G2A channel (e.g., z m = 0 m and z o = 100 m) can be higher than that of the A2A channel (e.g., z m = 25 m and z o = 25 m). This is because the elevation angle of the G2A channel is such large, so the probability of forming the LoS link increases. I , which results in smaller interference at the Rx. From Fig. 7 , we can also see that the outage probability with the general environment (i.e., SINR-based case) has a similar trend to that with the interference-limited environment (i.e., SIR-based case). Hence, in the following figures, we present the numerical results of the interference-limited environments.
B. General Environments vs. Interference-Limited Environments

C. Effects of UAV Height
In this subsection, we show the impact of the UAV height on the outage probability according to system parameters. I , and P I . To focus on the impact of the UAV height on p o (D), the environment of the interference link is set to be the same over different height of the UAV, i.e., the interfering node is always located with the fixed distance I to the Rx and has the A2A channel. From Fig. 8 , we can see that the outage probability first increases since the LoS probaility of the interference link rapidly increases at a small height. After the LoS probability of the interference link increases to the end (i.e., p L ( I ) = 1), we can see that the outage probability first decreases when the UAV height increases up to a certain value of the UAV height, and then increases. This is because the LoS probability of the main link increases as the UAV height increases. For small UAV height, as the height increases, the increasing probability of forming LoS main link affects more dominantly than the increasing main link distance on the outage probability. However, for large UAV height, the LoS probability does not change that much with the height while the link distance becomes longer, so the outage probability increases. We can also see that the optimal height above a certain UAV height that minimizes p o (D) decreases as the target SIR γ t or the power of the interfering node P I increases or the distance of the interference link I decreases. From this, we can know that the optimal height decreases to reduce the main link distance as the impact of the interference link on the communication improves. 
o , and the Tx and the interfering node are located on the ground. In this case, the LoS probability of the main link is higher than that of the interference link due to d
I . From Fig. 9 , we can see that the outage probability first decreases as the height increases up to a certain value of the UAV height, and then increases. This is because not only the LoS probability of the main link but also that of the interference link increase with the UAV height. However, for large UAV height, the LoS probability of the interference link increases more than that of the main link. We can also see that the optimal height increases as γ t or P I increases or I decreases to improve the LoS probability of the main link unlike the case in Fig. 8 .
D. Effects of Main and Interference Link Environments
In this subsection, we focus on the impact of the environment of the main and interference links on the outage probability. and channel environment of the main link. In Fig. 10 , two scenarios are considered: A2A main link with G2A interference link (A2A-G2A) and G2G main link with A2G interference link (G2G-A2G). The A2A-G2A case maps to M 3 with I3, and the G2G-A2G case maps to M 4 with I4 in Fig. 3 and Fig. 4 . Note that to explore the impact of the horizontal and vertical distances of interference link in this figure, the horizontal distance of interference link d 
is greater than p β I ( I ) . We can also see that the value of the cross point increases from 1.55 to 2.35 as the target SIR γ t increases from 2 to 4. Hence, we can know that the range of
where the NLoS environment is preferred increases as the target SIR γ t increases.
E. Effects of Multiple Interfering Nodes
In this subsection, we present how the outage probability is changed when we consider multiple interfering nodes, compared to the case of considering one dominant interfering node. Here, we define the dominant interfering node as the nearest one to the Rx, which gives the largest interference to the Rx on average.
When we consider one nearest interfering node among multiple interfering nodes, which are distributed in PPP Φ I , the outage probability p o,n ( m ) can also be obtained using the outage probability for single interfering node casep becomes random, of which PDF depends on the interfering node density λ I . As Fig. 9 , the outage probability first decreases as the height increases up to a certain value of the UAV height, and then increases.
From this figure, we can see that the outage probability for the case of considering one dominant interfering node has the similar trend with that for the multiple interfering nodes case. The difference in the outage probability for those two cases increase as the interfering node density λ I increases. This is because, as λ I increases, although the dominant interfering node can be located closer to Rx and generate larger interference, the amount of the interference from multiple interfering nodes increases more in the multiple interfering node case, which makes larger difference in the outage probabilities. However, when the UAV height is the optimal (like around 70 m in Fig. 12 ) in terms of minimizing the outage probability, the outage probabilities of those two cases become almost the same. Therefore, from this result, we can see that the analysis result for the case of considering one interfering node, presented in this work, can also be usefully used for the optimal design of UAV networks with multiple interfering nodes such as the optimal UAV height determination. From this figure, we can see that the outage probability of one dominant interfering node has the similar trend with that of the multiple interfering nodes case. However, since most of interfering nodes are in LoS environment, the optimal UAV heights that minimizes the outage probability of those two cases have a difference. Nevertheless, the optimal height of one dominant interfering node case can be used for the upper bound of that of the multiple interfering nodes case. Hence, we can see that the analysis result for the case of considering one interfering node, presented in this work, can also be used to give insights for the optimal design of UAV networks with multiple interfering nodes even if the multiple interfering nodes are in the A2A channel. Fig. 14 shows the network outage probability as a function of UAV height when R = 5000 m and P I = P m for different values of the transmitting node density λ I . From this figure, we can see that as λ I increases, the optimal UAV height decreases, while the optimal outage probability increases. Lowering the optimal UAV height can increase both the received interference power from other transmitting nodes and the main link received power. Hence, from the results of this figure, we can see that when λ I is larger, the optimal UAV height becomes smaller as increasing the received power of the main link becomes more dominantly determined the outage probability than the increasing interference power.
VI. CONCLUSION
This paper analyzes the impact of the interfering node for reliable UAV communications. After characterizing the channel model affected by the horizontal distance and the vertical distance of the communication link, we derive the outage probability in a closed-form for all possible scenarios of main and interference links. Furthermore, we show the effects of the transmission power, the horizontal link and vertical link distances, and the communication scenarios of main and interference links. Specifically, we show the existence of the optimal heights of the UAV for various scenarios, which increase as the power of the interfering node decreases or the interference link distance increases. We also analytically prove that the NLoS environment can be better than the LoS environment if the average received power of the interference is much larger than that of the main link signal. The outcomes of this work can be usefully used for the optimal height determination of UAVs in the presence of an interfering node, and it can give insights on the UAV height for the multiple interfering nodes case as well.
APPENDIX
A. Proof of Theorem 1
As the main and interference links can be in either the LoS or NLoS environments when the probability is p L ( i ) or p N ( i ), respectively, the outage probability is divided into four cases,
, and p o (N,N) (D) according to the environments of main and interference links. Hence, the outage probability is obtained as (10) using the law of total probability. We derive p (e m ,e I ) o (D) for the above four cases as follows.
For Case 1, K m ( m ) = 0 and K I ( I ) = 0 as both main and interference links are in LoS environments, and p o (L,L) (D) can be obtained using (7) as
By using the cumulative distribution function (CDF) of the non-
is presented as (11) .
In Case 2, K m ( m ) = 0 and K I ( I ) = 0 as the interference link is in the NLoS environment, and p o (L,N) (D) is obtained using (7) and (8) as
where Q(a, b) is the first-order Marcum Q-function. In (35) , (a) is from the CDF of the noncentral Chi-squared distribution, (b) is obtained by substitution from
to g , and the integral term can be represented as
where c =
, e = √ 2K m ( m ), and f = √ 1 2 from [46, eq. (40)]. By using (36) 
is presented as (12) .
In Case 3, K m ( m ) = 0 and K I ( I ) = 0 as the main link is in the NLoS environment, and
In (37), (a) is from the CDF of the exponential distribution and the integral term can be presented as (38) where c = √ [46, eq. (9) ]. By using (38) 
is presented as (13) . In Case 4, K m ( m ) = 0 and K I ( I ) = 0 as the main and the interference links are both in NLoS environments, and
where (a) is from the CDF of the exponential distribution. By simple calculation, p o (N,N) (D) is presented as (14) .
B. Proof of Lemma 1
In the interference-limited environment, the interfering signal power is much stronger than the noise power (i.e., h I β I ( I ) N o ), so the noise is negligible. Consequently, the communication performance can be analyzed based onγ( m , I ) = . By using (36) in (42) (14) as (20) .
C. Proof of Corollary 2
For the multiple interfering nodes case, the outage probability can be presented as
where p × p e I (t)t dt} (45) where (a) is from the probability generating functional (PGFL) [42] . In (43) × p e I (t)t dt} (46) where (a) is obtained because h m ∼ exp(1) and (b) is from the PGFL.
